This work presents the experimental evaluation of the energy performance of a modified single-stage CO 2 transcritical refrigeration plant with an internal heat exchanger (IHX) based on vapour injection in suction line. This modification, which is only applicable to refrigeration plants with an expansion process divided in two stages with a liquid receiver between them, consists of extracting saturated vapour from the liquid receiver in order to: decrease the vapour quality at the evaporator inlet, and reduce the superheating degree at the compressor suction by means of the expansion and following injection of the extracted refrigerant. Three different injection points have been evaluated experimentally: before the IHX, after the IHX and just before the suction chamber of the compressor. The experimental measurements show that the cooling capacity and COP can be enhanced in 9.81% and 7.01%, respectively. Furthermore, a reduction in the discharge temperature of the compressor up to 14.7ºC has been measured inside the evaluation range. 
Nomenclature

Introduction.
One of the most important drawbacks for CO 2 transcritical vapour compression cycles is its lower COP in comparison with the values achieved by conventional subcritical cycles using HFCs or HC as working fluids when the heat is rejected to medium and hot environmental temperatures. However, its safety and environmental properties [1] and its high heat transfer coefficients [2] make CO 2 one of the possible alternatives to the HFCs, especially in heat pumps [3] or in applications with important leakage rates, such as mobile air conditioning and commercial refrigeration [4] .
Efficiency improvement of CO 2 transcritical vapour compression cycles has been tackled from two points of view: First, focusing on the optimization of the components of the plants, such as compressors [5] , heat exchangers, expansion devices [6] , etc... Second, trying to improve the COP by means of modifications of the basic thermodynamic cycle, for example the introduction of IHXs, as done by Torrella et al. [7] , Aprea and Mariorino [8] or Zhang et al. [9] which all demonstrated its possibilities, or using two-stage compression systems [10] to benefit the compression process.
The aim of this work is to present the experimental evaluation of a modified CO 2 single-stage transcritical vapour compression cycle, with a two-stage expansion system ( Figure 1 ). The modification, consists of extracting saturated vapour from the liquid receiver placed between expansion stages (point 7, Figure 1 ), and the subsequent injection of the expanded vapour in suction line. The effect of this cycle modification on the Ph diagram is shown in Figure 1 . As can it be deduced from the Ph diagram (Figure 1 ), as more quantity of vapour is extracted from the receiver, lower the liquid receiver pressure, lower the evaporator inlet enthalpy and lower the compressor suction temperature will be. However, all those positive effects are counteracted by a reduction of the refrigerant mass flow rate through the evaporator, since a part of them is extracted from the receiver. The interaction between these opposite effects will lead to an increase or to a reduction of the cooling capacity and the COP of the refrigeration cycle.
This experimental study intends to contribute to the understanding of the possibilities of enhancing the performance of CO 2 single-stage transcritical vapour compression cycles with small cycle modifications. For the first time, this study focuses on the analysis of a modified CO 2 transcritical single-stage double expansion cycle based on the extraction of refrigerant from the intermediate liquid receiver. In this work, three different injection points of the extracted refrigerant have been analysed experimentally over a wide range of operating conditions, and from the experimental data, the best energetic solution has been determined. As discussed in the paper, this cycle modification has proven to be interesting, since allows to enhance the COP and the capacity of the cycle with a simple modification.
Experimental plant and evaluation tests
The experimental refrigeration plant and the evaluation tests performed are presented in this section. All the average cycle parameters measured in the evaluation process are gathered in Table 3 .
Experimental plant
The scheme of the refrigeration plant is shown in Figure 2 , where the main components are denoted with capital letters and the location of pressure and temperature sensors are indicated with 'P' and 'T', respectively.
The plant, which corresponds to a CO 2 single-stage transcritical plant, is driven by a semihermetic reciprocating compressor (A) (displacement of 3.5m 3 ·h -1 at 1450 rpm). Two coaxial counter-current heat exchangers are used as gas-cooler (B) and evaporator (G), using water and an ethylene-glycol/water mixture (50% in vol.) as secondary fluids, respectively. A twostage expansion system with a liquid receiver between stages (E) is installed in order to control the gas-cooler high pressure (with a pressostatic expansion valve, D) and to allow the evaporating process to be regulated (with a thermostatic electronic expansion valve, F). The operation of this two-stage system was analysed in detail in the work of Cabello et al. [11] . A coaxial internal heat exchanger (IHX) in counter-current layout (C) is placed at the exit of the gas-cooler to enhance the performance of the experimental facility, as demonstrated experimentally by Torrella et al. [7] and Aprea and Maiorino [8] . Finally, a second pressostatic expansion valve (D') is installed to control the liquid receiver pressure through the extraction of saturated vapour from its upper part. All the components and their inter-connection lines, with the exception of the compressor and the discharge line, are thermally isolated with a flexible insulation material with an average thermal conductivity of 0.037W·m The regulation of the transcritical plant is performed by using an auxiliary thermal facility [7] , which provides the thermal load to the evaporator and dissipates the heat produced at the gas-cooler. This auxiliary system allows the secondary fluid volumetric flows and inlet temperatures to be controlled in the gas-cooler and in the evaporator.
Number, type and calibration characteristics of the transducers used to monitor the facility are summarized in Table 1 . Thermocouples are placed over the pipe surfaces (T) and immersed in the refrigerant flow (T'), being temperature and pressure measured at the inlet and outlet of each component. A Coriolis flow meter (I) is used to measure the refrigerant mass flow rate through the gas-cooler, while electromagnetic flow meters (H) are used to measure the secondary fluids volumetric flow rates. The power consumption to activate the compressor is recorded using a digital wattmeter, while its rotational speed is obtained from a signal of the inverter drive which was calibrated using an accelerometer system.
All the signals are taken by a data acquisition system and processed on-line using a LABVIEWbased application developed by the authors [12] that uses the REFPROP dynamic routines [13] to obtain the thermodynamic properties of carbon dioxide and water, and interpolated polynomials from the ASHRAE Handbook [14] to evaluate the properties of the ethylene-glycol mixture. Table 1 -Accuracies and calibration range of the transducers
Number of
Experimental procedure
The transcritical plant with IHX without extraction of vapour from the liquid receiver ( Figure 2 with the valve D' closed) has been considered in the experimental analysis as the base-cycle.
Once the steady-state performance operation of this cycle has been measured (in the operating conditions detailed in Table 2 ), the pressostatic expansion valve (D') is opened and the same operating conditions as in the base-cycle are maintained, which are identical secondary fluid inlet conditions to the evaporator and gas-cooler, similar gas-cooler highpressure and the same compressor rotation speed. The gradual opening of the valve (D') increases the quantity of vapour extracted from the liquid receiver (E) and thus, reduces the liquid receiver pressure with regard to the operation with valve D' closed.
The pressure in the liquid receiver has been limited to 5 bars over the evaporation pressure (minimum possible pressure) in order to ensure a minimum pressure difference for the thermostatic expansion valve (F) necessary for its proper operation. Until the minimum pressure is reached, performance data was acquired in four or five stationary periods corresponding to different pressures in the receiver between the initial and minimum pressure values. The vapour extracted from the receiver is expanded to the evaporation level with the expansion valve (D') and then injected in the three different locations pointed in Figure 2 : before the IHX (a), after the IHX (b) and in the suction chamber of the compressor (c) ( Figure  3 ). The reason why the vapour is injected at three different locations is to seek the maximum reduction in the suction temperature and to find the best injection point from an energy point of view.
The operation conditions kept during the test are characterized by a constant flow rate and inlet temperature of the secondary fluids flowing through the gas-cooler and the evaporator. Thus, the evaporating pressure is floating and it is not regulated externally. However useful superheating is controlled by the electronic expansion valve (F). [15] , Liao et al. [16] and Kauf [17] , which were discussed in a previous work of Cabello et al. [11] .
Experimental tests
Considering the operating conditions shown in Table 2 , a series of tests were carried out for the three possible injection points, which covered the pressure range of the liquid receiver from the value obtained with the valve (D') closed to a pressure five bar upon the evaporating pressure.
In summary, eighty-six stationary periods with fourteen minutes of duration each were done.
In Table 3 , all the tests are summarized, where the variation range of the different parameters is shown. The variables with asterisk represent the average value during the entire test. 
Energy analysis
The energy analysis has been based on the evaluation of the COP and cooling capacity provided by the mentioned cycle modifications. Expressions (1) and (2) are used to calculate those energy parameters as function of the refrigerant mass flow rate through the evaporator, ev m  , which depends on the injected refrigerant mass flow rate,
The injected refrigerant mass flow rate is calculated by means of expression (4). This equation results from the mass and energy balances in the liquid receiver (E), considering an isenthalpic expansion process in valve (D') and neglecting heat exchange with the environment, since the receiver is thermally isolated. In Figure 6 , the validation of the evaluated cooling capacity with equation (1) and the measured heat transfer rate in the secondary fluid through the evaporator is presented. The maximum deviation showed by the measurements in Figure 6 is lower than 10%, with a deviation under 7% for the 83.1% of the evaluation points, what can be considered as an appropriate accuracy for the analysis of this work. The uncertainty associated to the evaluated energy parameters has been determined using the partial derivatives method for each parameter and has been represented in the graphs using error bars.
Results and discussion
Taking as reference the experimental data, this section focuses on the analysis of the energy performance of the three configurations presented in Figure 2 . All the configurations have been tested in the same refrigeration facility under the same operating conditions (see Table  2 ). The results obtained in the analysis are presented in two subsections: in the first, the main results related with the cycle parameters (evaporating pressure, discharge temperature, superheating degree and refrigerant mass flow rate) are presented. In the second, the results related with the energy parameters (cooling capacity and COP) are discussed.
It needs to be mentioned that for all the analysed parameters, if their evolution is presented against the liquid receiver pressure, the maximum variation of the parameter takes place for the minimum tested pressure, or in other words, for the maximum refrigerant mass flow rate extracted from the liquid receiver that is injected in the suction line.
Experimental results for cycle parameters
Evaporating pressure
As it has been explained in section 2, all the tests have been carried out under constant inlet temperature and flow rate of the secondary fluids. According with this methodology, the evaporating pressure is a floating parameter, being only the superheating degree at the evaporator exit controlled by the thermostatic expansion valve. Figures 7 and 8 show the evolution of this pressure for the different experimental tests. As can be observed for all the tests in Figure 7 and 8, there is an increase of the evaporating pressure, up to a 5%, when the pressure of the liquid receiver is reduced. The increase of the evaporating pressure results in a reduction of the compression ratio, which consequence is an increase of the refrigerant mass flow rate displaced by the compressor.
Total superheating degree and discharge temperature
The energy efficiency of a vapour compression cycle is strongly penalized by the increase of the superheat at the compressor suction, especially in CO 2 due to its thermophysical properties, as analysed in detail for a semihermetic compressor by Sánchez et al. [5] . This superheat at the compressor suction affects the discharge temperature, the refrigerant mass flow rate and the specific compression work. Accordingly, the injection of the vapour extracted from the liquid receiver allows this suction superheat (TSH) to be reduced. In the analysed configurations, the reduction will depend on the selected injection point, either (a), (b) or (c) (Figure 2 ).
The relation used to calculate the total superheat at the compression suction is show by expression (5) .
In Figures 9 and 10 , the maximum value of total superheat at compressor suction (TSH) and discharge temperature are represented for the different operating conditions and injection points. It can be observed that there is a reduction in the TSH and in the discharge temperature, whichever the selected injection point is, however, the higher reduction is obtained when the refrigerant is injected just before the suction chamber (point c, Figure 2) . For the operation at T w, in : 35ºC and T Glic, in : 15ºC in this configuration, the reductions are of 13.3ºC for the TSH and of 15.4ºC for the discharge temperature. Moreover, it can be highlighted that greater reduction values are obtained for higher T w,in . 
Refrigerant mass flow rate
The reduction in the compression rate and in the suction temperature leads to an increase in the refrigerant mass flow rate displaced by the compressor ( GC m  ), which evolutions are presented in Figures 13 and 14 . In fact, a maximum increase in the ( GC m  ) of 17.43% was measured when the refrigerant was injected into the suction chamber. In Figure 15 , the evolution of the refrigerant mass flow rates for two configurations (injection just before the suction chamber and before the IHX) for one experimental test are presented. According with Figure 15 , regardless the increase of the refrigerant mass flow rate displaced by the compressor ( 
Experimental results of the energy parameters
Cooling capacity
The extraction of vapour from the liquid receiver generates two opposite effects that affect the cooling capacity. On one hand, there is a reduction in the refrigerant mass flow rate through the evaporator ( ev m  ) (Figure 15) , and in the other, the specific cooling capacity increases ( Figure 1) . Figures 16 and 17 show the combination of these effects on the cooling capacity provide by the different configurations. Figures 16 and 17 reveal that cooling capacity always grows with the vapour injection, independently of the place where the vapour is injected. The cooling capacity increase is bigger as lower the liquid receiver pressure is. Therefore, in whichever condition, the specific cooling capacity increase exceeds the reduction of the refrigerant mass flow rate that feeds the evaporator ( ev m  ).
As presented in the summary of the tests in Table 4 , it can be observed that the average increase in cooling capacity ( ev Q  ) is around 5% and the maximum measured increment is 9.81%, achieved for the operating conditions T w, in = 35ºC, T Glic, in = 5ºC and injecting the vapour in the suction chamber (with an uncertainty ranging from 1.05% to 1.56%). Furthermore, from the analysis of Table 4 , it can be observed that the improve of the cooling capacity is more important as higher T w, in and lower T Glic, in are.
Compressor power consumption
With the modification evaluated in this work, the power consumed by the compressor is affected in two opposite ways, as expressed by Equation (6) . On one hand, the refrigerant mass flow rate displaced ( GC m  ) increases, as already explained in section 4.1.3., but on the other, the specific compression work ( S W ) is reduced due to the decrease in the suction temperature.
Thus, both effects counteract themselves resulting in no appreciable changes in the electrical power consumed by the compressor, as can be observed in the experimental measurements of Figures 18 and 19 . The maximum variation in Pc is 2.79%, achieved for the operating conditions: T w, in = 25ºC, T Glic, in = 5ºC and injecting the vapour in the suction chamber. The average variation is around 1.5% with an uncertainty of ± 0.5 % of the reading value. 
Coefficient of performance (COP)
In Figures 20 and 21 , the evolution of the COP with the pressure at the liquid receiver (E) is represented. COP is calculated according with expression (2) . As in the case of the cooling capacity, an increase of COP is observed for any operating condition and any injection point. Due to the low variation in the compressor power consumption (Figures 18 and 19) , the COP evolution is very similar than that of the cooling capacity (Figures 16 and 17) . The better COP values are obtained for higher T w, in and lower T Glic, in , being the maximum COP increase of 7% for T w, in : 35ºC, T Glic, in : 5ºC injecting the refrigerant in the suction chamber. The uncertainty of the COP ranges between 1.9 and 1.4%. 
Summary
To summarize all the data collected during the test campaign, which has been analysed and presented in the figures, in Table 4 the maximum variations of each parameter for the different type of tests performed are presented. The maximum variation is calculated taking as reference value the operation of the cycle with the valve (D') closed. The maximum variation, as mentioned before, corresponds to the minimum possible pressure of the liquid receiver (E), which is five bar upon the evaporating pressure. Table 4 -Test summary
Conclusions
Aiming to improve the energy performance of CO 2 transcritical refrigeration facilities with a two stage expansion system, a new modification that could be easily implemented has been analyzed in this paper. The new configuration consists of extracting vapour from the liquid receiver, reducing thus its pressure and also the enthalpy of the saturated liquid. The extracted vapour is expanded and injected in suction line in order to reduce the total superheating degree and the discharge temperature of the compressor. Three variations of this configuration (differing in the location where the vapour is injected) have been experimentally studied and compared with the refrigeration facility operating without vapour extraction from the liquid receiver (base-cycle).
The three variations of this new configuration, tested at the same operating conditions, generate an increase in the cooling capacity and in the COP (a maximum of 9.8% and 7%, respectively) and a reduction in the discharge temperature (a maximum of 14.7ºC). Accordingly, the new configuration causes a slight improvement in the energy performance of this kind of refrigeration facilities. Furthermore, it needs to be mentioned that no great differences have been found between the three possible positions to inject the expanded vapour refrigerant from the liquid receiver. What it should be remarked is that obtained improvements are better for higher T w,in values, and since T w,in is the hot sink temperature, it could be said that this configuration will provide bigger improvements in warm or hot countries.
